The new phosphor RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ was synthesized by different high-temperature solid-state reactions. It is accessible from the alkali metal carbonates, SiO 2 , and Eu 2+ as a luminous active cation either in closed tantalum ampoules or by conventional solidstate reaction in nickel crucibles, under a constant flow of forming gas. The structure of the thereby received rod-shaped crystals was solved and refined on the basis of single crystal X-ray diffraction data. The compound crystallizes isostructurally to CsKNa 2 [Li 3 SiO 4 ] 4 and forms a highly condensed network of LiO 4 and SiO 4 tetrahedra [I4/m (no. 87), Z = 2, a = 10.9508(6) and c = 6.3334(3) Å]. It is a new member of the recently discovered family of alkali lithosilicate phosphors. Under excitation with UV to blue light, the compound exhibits interesting luminescence properties. Depending on the mode of synthesis, either green or blue luminescence of the samples is observed. Both emission profiles can be described as ultra-narrowbanded, since the full width at half maximum (fwhm) is below 0.2 eV. The green phosphor shows an emission maximum at 532 nm with a fwhm of 43.5 nm (0.193 eV) and the blue one at 474 nm with a fwhm of 24.8 nm (0.137 eV). Furthermore, the material presented here allows a more detailed localization of the luminescence center inside the structure, which may allow a better understanding of the luminescence properties of many other alkali lithosilicate phosphors.
Introduction
In modern technologies, phosphor-converted light-emitting diodes (pc-LEDs) are found nearly everywhere. Their usage is no longer limited to general indoor and outdoor lighting applications. To ensure a broad variety of illuminants, a significant number of novel phosphors has been discovered and developed in the last years. Additionally to the well-known alkaline earth (oxo)nitride phosphors, a number of new substance classes have proven to exhibit promising emission properties e.g. from the cyan up to the yellow spectral region. This includes alkali lithosilicates, nitridoberyllates, and oxonitridoberyllates. Typical examples from the substance class of alkali lithosilicates are the ultra-narrow blue emitting phosphor RbNa 3 [Li 3 Si O 4 ] 4 :Eu 2+ as well as the green emitters RbLi[Li 3 SiO 4 ] 2 :Eu 2+ and NaK 7 [Li 3 SiO 4 ] 8 :Eu 2+ [1] [2] [3] [4] [5] [6] . From the group of the recently discovered beryllate phosphors, the blue to cyan emitting compounds AELi 2 [Be 4 O 6 ]:Eu 2+ (AE = Sr, Ba), Sr[Be 6 ON 4 ]:Eu 2+ [7, 8] , and the yellow emitter SrBeO 2 :Eu 2+ have to be mentioned [9] .
White LEDs also play an important role in today's display technologies. They are produced to enhance modern day liquid crystal displays (LCDs) and to achieve a larger color gamut and higher brightness with the advantage of a lower energy consumption [10] [11] [12] . Nowadays, two different technologies try to approach this problem. While multichip white LEDs, consisting of separately controlled blue, green, and red LED chips, exhibit an excellent color gamut, they face two major flaws. Firstly, the separate driving circuits for each LED are costly and secondly the green LED chip suffers from a poor efficiency, which leads to the so called "green gap" [10, 13] . Therefore, the use of pc-LEDs containing two phosphors (green and red) as backlighting units in liquid crystal monitors (LCD monitors) is preferred. Consequently, the reachable color gamut of such displays is limited by the color purity and color coordinates of the used phosphors [10] .
Because of this, the development of narrow-band green-and red-emitting phosphors for use in the backlighting units of LCD displays was continuously driven forward in the last decade. The goal is to improve the color gamut in order to realize the most lifelike artificial display. This can only be achieved by developing and combining phosphors with the desired peak positions, narrow emission bands, and high quantum efficiencies [14] [15] [16] .
Commonly used pc-LEDs for backlighting are based on a blue emitting (In,Ga)N LED chip [17, 18] , in combination with narrow-band red and narrow-band green phosphors. For modern devices, the current phosphors of choice are Y 3 Al 5 O 12 :Ce 3+ or β-SiAlON:Eu 2+ [19] [20] [21] , as the green component and (Sr,Ca)AlSiN:Eu 2+ or K 2 SiF 6 :Mn 4+ [22] [23] [24] as the red components. With regard to the red phosphor, Sr[LiAl 3 N 4 ]:Eu 2+ and the recently discovered ultra-narrowband emitting compound SrLi 2 Al 2 O 2 N 2 :Eu 2+ [25, 26] could be promising candidates for future applications.
Presently, the display color gamut is mainly limited by the color coordinates of the green phosphor. Due to the fact, that the human eye is most sensitive in the green spectral region, the main challenge is to improve the green phosphors to reach a better positioning inside the CIE diagram. State of the art green emitters involve quantum dots (QDs) and rare earth doped phosphors, such as the previously mentioned β-SiAlON:Eu 2+ , the ortho-silicate (Ba,Sr) 2 SiO 4 :Eu 2+ , and the oxonitridosilicate SrSi 2 O 2 N 2 :Eu 2+ [27] [28] [29] .
In this contribution, we report on the synthesis and characterization of a new alkali lithosilicate phosphor with the composition RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ (RKLSO:Eu 2+ ). First samples showed an ultra-narrow-banded emission in the green spectral region, making it an interesting phosphor for a potential usage in pc-LEDs for backlighting units. Further research revealed that RKLSO:Eu 2+ can also emit in the blue spectral region The origin of both emission bands is investigated based on structure-property relationships.
Experimental section

Synthesis
The compound RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ was first synthesized by firing a mixture of Rb 2 CO 3 (57.90 mg, 0.251 mmol, ChemPur, 99.9%), K 2 CO 3 (11.55 mg, 0.084 mmol, ChemPur, 99.9%), SiO 2 (20.09 mg, 0.334 mmol, Fluka, >99.9%), and Li metal (9.28 mg, 1.337 mmol, Sigma Aldrich, 99%) in the molar ratio of 3:1:4:16. The starting materials were thoroughly ground in an agate mortar, filled into a Ta ampoule, and sealed via arc-welding. All preparation steps were carried out under inert gas atmosphere (Ar 5.0, Messer Austria GmbH). The ampoules were placed into evacuated silica-glass tubes, heated to 800-850°C within 4 h, maintained at that temperature for 48 h, and subsequently cooled to 400°C over a period of 40 h. Eu 2 O 3 was used as the source for Eu 2+ as a luminous active cation.
The product was an inhomogeneous mixture of a highly air sensitive phase with metallic luster, and green, rod-shaped crystals, which were identified as the title compound.
When the composition of the green compound RbK Li 2 Depending on the synthetic conditions, either green or blue emitting crystals of the same phase could be obtained. While the synthesis in ampoules always resulted in green luminescent crystals, a synthesis in the open system yielded a mixture of both the green and the blue emitting forms.
Single crystal X-ray diffraction
The crystal structure of green luminescent RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ was solved and refined on the basis of single crystal X-ray diffraction data, obtained from a Bruker D8 Quest diffractometer (MoKα radiation, λ = 0.7107 Å). The programs Saint [30] and Sadabs [31] were applied for data processing and a multi-scan absorption correction. The structure was solved in Wingx [32] using Direct Methods provided by Shelxs. The structural refinement was carried out by the method of least-squares using Shelxl [33] .
Additionally 
Powder X-ray diffraction
Powder X-ray diffraction data was collected on a STOE STADI P diffractometer (MoKα 1 radiation, λ = 0.7093 pm) with a Ge(111) monochromator and a Mythen 1K detector in Debye-Scherrer geometry. The Rietveld refinement was performed using Topas 4.2 [34] .
Luminescence
The emission spectra of green luminescent RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ single crystals were recorded using a setup equipped with a blue laser diode (λ = 448 nm, THORLABS, Newton, NJ, USA) and a CCD Detector (AVA AvaSpec 2048, AVANTES, Apeldoorn, Netherlands). Prior to the experiments, a tungsten-halogen calibration lamp was used for a spectral radiance calibration of the setup. The software AVA AvaSoft version 7 was used for data handling.
Spectroscopic data of blue luminescent RKLSO:Eu 2+ single crystals, mounted on glass fibers, was recorded using a setup equipped with a UV to blue laser diode (λ = 408 nm, Thorlabs), single-mode optical fibers S405XP (Thorlabs), and a QE 65000 spectrometer (Ocean Optics).
In order to determine the luminescence properties of powder samples, a Fluoromax 4 spectrophotometer (Horiba) was used. The emission spectrum was measured in the wavelength range between 410 and 750 nm (step size 1 nm) using an excitation wavelength of 400 nm. Excitation spectra, monitored at the corresponding maximum intensity, and temperature dependent spectra were measured using the same method.
EDX spectroscopy and electron microscopy
In order to study the morphology and to analyze the chemical composition of the synthesized crystals, a SUPRA™35 scanning electron microscope (SEM, Carl Zeiss, field emission) equipped with a Si/Li EDX detector (Oxford Industries, model 7426) was used.
Results and discussion
Syntheses according to the above mentioned routes yielded single crystals and powder samples of the novel phosphor RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ . However, single crystals of this material showed two different emission peaks, either in the blue or the green spectral region, upon excitation with near-UV to blue light. To prove that both variants have the same basic crystal structure, they were sorted with respect to their luminescence and analyzed separately via single crystal X-ray diffraction. The results are presented in the following. Furthermore, EDX measurements were performed on both sorts of crystals revealing an identical Rb:K:Si ratio of 1:1:4 in both cases, confirming the nominal composition of the materials as RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ .
Crystal structure
The crystal structure of the compound was first investigated by single crystal X-ray diffraction on the green luminescent phase. The structure of RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ (RKLSO:Eu 2+ ) was solved and refined in the tetragonal space group I4/m. Details on the crystal structure solution and the refinement are given in the Tables 1 and 2 . Atomic coordinates, displacement parameters, and a list of the interatomic distances and selected angles are shown in the Tables 3-5 . RKLSO:Eu 2+ crystallizes in the tetragonal space group I4/m (no. 87) with the cell parameters a = 10.9508 (6) and c = 6.3334(3) Å. The compound is isostructural to the phases RbNa 3 [Li 3 SiO 4 ] 4 (RNLSO), CsNa 2 K[Li 3 SiO 4 ] 4 (CNKLSO), already discovered by Hoppe, and the recently reported RbNa 2 K[Li 3 SiO 4 ] 4 (RNKLSO) [3, 35, 36] .
The crystal structure of RKLSO:Eu 2+ consists of a threedimensional, highly condensed network of corner-and edge-sharing LiO 4 and SiO 4 tetrahedra ( Fig. 1) , where the SiO 4 tetrahedra are isolated from each other and connect only with LiO 4 tetrahedra. These tetrahedra form endless vierer ring [37] channels along [001].
Two characteristic channels can be differentiated (Figs. 1 and 2), in the following named CH1 and CH2, which are interconnected via common edges forming a third channel. The cavities in this third channel are too small to host any metal cations.
CH1 incorporates the heavy alkali cations potassium and rubidium on two crystallographically distinguishable sites (Rb1 and K2, Fig. 2 (Fig. 2 , right) consists of vierer rings built up from two LiO 4 (blue) and two SiO 4 tetrahedra (red). According to the results for the first green emitting single crystal analyzed, this channel hosts two possible atom sites for Li, in the following named Li3 and Li4 (Fig. 2, right) . Variations of the occupancies inside CH2 allow the refinement of two different structure models. Both are discussed in the following. The first refinement was carried out with the assumption that both possible atom sites are occupied with lithium. The Li3 site shows a square-planar coordination with Li-O distances of 1.927(1)-2.116(1) Å (Fig. 3) . Additionally, some residual electron density (Table 6) was found in CH2 at the position (0 1/2 3/4). This electron density has been interpreted as a second possible atom site for lithium, the Li4 site. Figure 3 clearly shows that the cation Li4 is located in the center of four SiO 4 and four LiO 4 tetrahedra possessing an eight-fold cuboid coordination by oxygen atoms. At this site, the Li-O bond lengths range between 2.494(1) and 2.649(1) Å. According to the literature, the average Li-O bond length in an eight-fold coordination is given as 2.28 Å, so an occupation with lithium is unlikely [38] . Furthermore, to maintain electroneutrality both sites cannot be fully occupied. Additionally, the short distance of 1.583(1) Å between the positions of Li3 and Li4 reveals that a simultaneous occupation of both neighboring positions is not possible (Fig. 3b ). This exclusion was also observed in the single crystal refinement, which resulted in a 2/3 rd and a 1/3 rd occupancy of the Li3 and Li4 site, respectively. Such a configuration was once reported by Hoppe for his "stuffed pyrgoms", more specifically for the compound CsKNaLi[Li 3 SiO 4 ] 4 [35] . This structure likewise consists of two distinguishable channels, one for the heavy alkali cations cesium and potassium and one for the lighter cations sodium and lithium. In CsKNaLi[Li 3 SiO 4 ] 4 , 4 :Eu 2+ is proposed, which includes the activator cation Eu 2+ in the refinement. In this model, some of the previously designated atom sites Li4 in CH2 are now occupied by europium. These Eu 2+ cations are eight-fold coordinated by oxygen anions in a cuboid manner (Fig. 3c) . With Eu-O distances of 2.4941(7) Å (4 ×) and 2.6448(8) Å (4 ×) leading to a mean value of 2.57 Å, the coordination corresponds to the mean expected bond length between Eu 2+ and O 2− given in the literature (2.61 Å) [38] . The crystallographic site Li4 would thus be more suitable to host europium cations than lithium cations.
The crystal structure refinement with this hypothesis resulted in a model where the Li3 site is almost fully occupied, while the previously as Li4 site described position is now occupied by ≈1.8% Eu 2+ . This value correlates well to the formal content of the activator according to the initial weight. The proposed Eu site is highly symmetric and surrounded by four LiO 4 and four SiO 4 tetrahedra. The structure refinement resulted in slightly better R values and most importantly, the residual electron density was slightly lower, compared to a site occupation with Li + cations.
The plausibility of this structural model for the green luminescent phase, where lithium is only located at the Li3 site, was later also proven on single crystal data of the blue luminescent phase. Even though these crystals showed a blue luminescence upon excitation and therefore, clearly contain Eu 2+ as an activator, no residual electron density could be found in three measured single crystals at the atom site previously named the Li4 site (Table 6) . Additionally, a Rietveld refinement of the blue luminescent powder was performed. The refinement is in good agreement with the single crystal refinement of the blue phase (a = 10.9706(2), c = 6.3412(2) Å) ( Fig. 4) , further proving the plausibility of the structural model with the Li4 site unoccupied.
For the green luminescent phase, a clear mechanism for charge compensation can be postulated. If Eu 2+ is located on the Li4 site, both neighboring Li + cations positions must be unoccupied (Fig. 3c) . A simultaneous occupation of both positions would lead to absurdly short distances of 1.54 Å between Eu 2+ and Li + . To guarantee electro-neutrality, one Eu 2+ cation always substitutes two Li + cations.
When comparing the structural models proposed here for RKLSO:Eu 2+ to that of the above mentioned isostructural compounds RNLSO and C/RNKLSO, the great similarities are obvious. However, the structure reported here is the first one to host a channel incorporating only lithium cations in the square planar coordination, while the other three compounds have sodium cations located at the cuboid coordinated atom site.
Lattice energy calculations
To prove the electrostatic consistency of the crystal structure and the two proposed models, MAPLE calculations (Madelung Part of Lattice Energy) of the lattice energy were carried out ( Table 7) . The calculated partial MAPLE values for the ions Rb + , K + , Li + , Si 4+ , and O 2− are in good accordance with reference values [2, 35] . Furthermore, the MAPLE value for RbKLi 2 [Li 3 SiO 4 ] 4 was calculated to 87748.0 kJ mol −1 and compared to the stoichiometric sum of the compounds Rb 2 O, K 2 O, Li 2 O, and SiO 2 (88114.2 kJ mol −1 ). The result is only a slight deviation of 0.4% for the structural model, when presumed that only the Li3 site is occupied. For comparison, the calculation of a structural model where only the Li4 site is occupied, results in a substantially larger deviation (0.8%) and especially the partial MAPLE value for Li4 with 478.7 kJ mol −1 is too low compared to 611 kJ mol −1 for lithium in Li 2 O. Therefore, the second structural model proposed is the more likely one.
Bond-valence sum calculations
The bond-valence sums for RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ were calculated using the bond-length/bond-strength concept (ΣV) [39, 40] . The charge distribution was derived using the CHARDI concept (CHARge DIstribution in solids, ΣQ) [41, 42] (Table 8) . Unfortunately, calculations according to the CHARDI concept are only possible for fully occupied atom sites. Therefore, two calculations for either of the fully occupied Li3 or Li4 sites were performed. The calculated formal ionic charges of all atoms are within the limits of the concepts, except the ΣV for the Li4 site. Li + on this site results in a charge of +0.41, which proves that an occupancy with lithium is unlikely. Calculating the bond-length/bond-strength for Eu 2+ on this site on the other hand results in a charge of +2.61. Since Eu 2+ is only incorporated in small amounts, just a slight deviation of the local structure surrounding the Eu 2+ cation can be expected, which in turn would alter the calculated charge. Altogether, the bond valence sum calculations further support the plausibility of the proposed structural model. All values are listed in Tables 8 and 9 .
Luminescence
Luminescence properties were measured on single crystals of the two different luminescent phases. For the excitation spectra and the determination of the thermal quenching behavior as well as the quantum efficiency, powder samples ( Fig. 4) had to be used.
All samples showed an ultra-narrow-band emission upon excitation with near-UV to blue light. At a nominal activator concentration of 2 mol.%, blue emitting RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ crystals have an emission maximum (λ max ) at 474 nm with a full width at half maximum (fwhm) of (Fig. 5, left) . Inside the CIE-xy color space, the blue phase is located at x = 0.120 and y = 0.158 and the green one at x = 0.259 and y = 0.701. It is important to stress the fact that according to the current state of knowledge, single crystals of RKLSO:Eu 2+ show either a blue or a green luminescence as the main feature of the emission band. Of course, this cannot apply for powder samples since they always contain both phases. An excitation spectrum was measured for a powder sample (Fig. 5, right) , which primarily shows the ultranarrow-band blue emission (λ max = 476 nm). The emission at 476 nm shows its main excitability in the near UV spectral region with a λ exc = 374 nm. Unfortunately, no bulk samples with the green emitting phase as the main component could be obtained. Therefore, no excitations spectra could be measured.
Powder samples with the blue variant as the main phase were also used for measurements of the thermal quenching behavior (TQ) and the quantum efficiency (QE). Even this first unoptimized samples showed a QE of ≈50% and a favorable TQ behavior. At T = 225°C, the relative integrated intensity was still 76% of that at room temperature ( Fig. 6) .
When comparing the results presented in this paper with published data on other alkali lithosilicates crystallizing in the tetragonal space group I4/m, e.g. RbNa 3 4 :Eu 2+ (both λ max = 480/485 nm/ fwhm = 25 nm and a second broader emission at λ max = 530 nm), some similarities to RKLSO:Eu 2+ are observed. All substances have similar luminescence properties, showing emission bands in the blue and/or green spectral region. However, in the case of the green variation of the RKLSO:Eu 2+ phosphor presented here, it is the first time in the substance class of alkali lithosilicates crystallizing in the space group I4/m that only one intense, ultra-narrow-band green emission is observed. Thanks to the unique structural properties of RKLSO:Eu 2+ , it was possible to link the observed green luminescence to the eight-fold cuboid surrounding of the activator ion Eu 2+ inside the second type of channel based on single crystal X-ray diffraction data. This position would be similar to the Na site in RNLSO:Eu 2+ and C/RNKLSO:Eu 2+ .
Conclusion
Here, we report on the new phosphor RbKLi 2 [Li 3 SiO 4 ] 4 : Eu 2+ crystallizing in the tetragonal space group I4/m. Two different types of this material could be synthesized, showing either a green or a blue emission. No exact classification exists whether an emission profile is described as broad-, narrow-or ultra narrow-band. As mentioned in the abstract we propose that the term ultra-narrow should be used exclusively for phosphors with a fwhm below 0.2 eV. The full width at half maximum of both phosphors presented here (green = 0.193 eV, blue = 0.137 eV) fulfill this criterion and can therefore be defined as ultra-narrow emitting.
The space group I4/m is common in the material class of alkali lithosilicates, especially for those containing the heavy alkali cations rubidium or cesium. However, the structure presented here is the only known example where the second channel, containing the lighter alkali metal cations, incorporates exclusively lithium. Thanks to this unique configuration of this compound, it was possible to determine the exact positioning of the activator ion in the structure of the green luminescent modification via X-ray diffraction on single crystals. Therewith, it is possible to link the green Eu 2+ emission in the alkali lithosilicates RKLSO:Eu 2+ and C/RNKLSO:Eu 2+ to the eight-fold cuboid coordinated atom site, which is unoccupied in the blue luminescent compound RKLSO:Eu 2+ or occupied by Na + in the case of C/RNKLSO:Eu 2+ .
Furthermore, it is obvious that the blue luminescence cannot originate from Eu 2+ located inside the "light alkali metal channel", since no electron density could be found at the atom site in question. Therefore, the blue emission could be a result of a substitution of Rb + or K + by Eu 2+ inside the other channel. Both atom sites show a highly symmetric, eight-fold, cuboid coordination. Therefore, a localization of the activator on both sites could be plausible and should be subject of further investigations.
Unfortunately, it is still unclear why and how the synthesis of RbKLi 2 [Li 3 SiO 4 ] 4 :Eu 2+ yields these two different luminescent phases. This aspect needs to be in the focus of further investigations. However, the data presented here once more show the importance of single crystal analysis when dealing with hitherto unknown phosphors (especially with high Li content). Through an investigation on powder samples alone, the unique properties of these compounds probably would never have been discovered.
